Metaplasticity describes the stabilization of synaptic strength such that strong synapses are likely to remain strong while weak synapses are likely to remain weak. A potential mechanism for metaplasticity is a correlated change in both N-methyl-D-aspartate (NMDA) receptor-mediated postsynaptic conductance and synaptic strength. Synchronous activation of CA3-CA3 synapses during spontaneous bursts of population activity caused long-term potentiation (LTP) of recurrent CA3-CA3 glutamatergic synapses under control conditions and depotentiation when NMDA receptors were partially blocked by competitive antagonists. LTP was associated with a significant increase in membrane-bound NMDA receptors, whereas depotentiation was associated with a significant decrease in membrane-bound NMDA receptors. During burst activity, further depotentiation could be induced by sequential reductions in antagonist concentration, consistent with a depotentiation-associated reduction in membrane-bound NMDA receptors. The decrease in number of membrane-bound NMDA receptors associated with depotentiation reduced the probability of subsequent potentiation of weakened synapses in the face of ongoing synchronous network activity. This molecular mechanism stabilizes synaptic strength, which in turn stabilizes the state of the CA3 neuronal network, reflected in the frequency of spontaneous population bursts.
I N T R O D U C T I O N
Reduction of GABA A receptor-mediated inhibition in the CA3 area of the hippocampus leads to periodic bursts of synchronous population activity that strongly activate the recurrent collateral glutamatergic synapses between CA3 pyramidal cells (Aradi and Maccaferri 2004; Jefferys 1998; Miles and Wong 1987) . These spontaneous CA3 population bursts are a widely studied model of hippocampal sharp-waves (Behrens et al. 2005; Buzsaki 1986 ) and interictal epileptiform activity (Dzhala and Staley 2003; Traub and Miles 1991) . Each burst is initiated by a build-up of excitatory postsynaptic potentials (EPSPs) that trigger action-potential-driven glutamate release and thus more EPSPs due to the extensive feedback of CA3 pyramidal cells (Chamberlin et al. 1990; Li et al. 1994; Miles and Poncer 1995) . Activation of CA3 recurrent collateral synapses results in a large postsynaptic depolarization that, in combination with the synaptic activation, is sufficient to induce LTP at CA3-CA3 synapses (Bains et al. 1999; Behrens et al. 2005 ) and CA3-CA1 synapses (Abegg et al. 2004; Buzsaki 1989) . Increases in EPSP amplitude induced by LTP accelerate this positive feedback cycle and thereby increase burst probability and frequency (Bains et al. 1999) . Conversely, depotentiation-induced decreases in EPSP amplitude reduce spontaneous CA3 burst probability (Bains et al. 1999; Behrens et al. 2005; Staley et al. 2001) .
The stability of the reduced CA3 burst probability after depotentiation is surprising because each subsequent burst should re-potentiate the CA3-CA3 synapses so that burst probability should gradually increase back to the initial, predepressed value. The stability of the weakened CA3-CA3 synapses is in line with prior observations that synapses that have undergone long-term depression (LTD) cannot subsequently undergo LTP (Delgado and O'Dell 2005) . Metaplasticity refers to this stabilization of synaptic strength such that strengthened synapses are likely to remain strong and weakened synapses are likely to remain weak (Abraham et al. 2001) . The unexpected stability of some CA3-CA3 synapses (Debanne et al. 1999; Montgomery and Madison 2002) strongly supports the existence of metaplasticity at these synapses, but the physiological basis for metaplasticity has remained unclear.
Activity-dependent modulation of calcium-permeable NMDA receptors is an attractive mechanism of metaplasticity (Perez-Otano and Ehlers 2005; Philpot et al. 2003) and is supported by the finding that N-methyl-D-aspartate (NMDA) receptors, the activation of which is needed for activity-dependent modulation of the strength of CA3 efferent synapses (Malenka and Bear 2004) , are inserted into the membrane after LTP at CA3-CA1 synapses in adult animals (Grosshans et al. 2002a; Vissel et al. 2001) , although this has been controversial (Bashir et al. 1991; Kauer et al. 1988 ). If depotentiation caused the reverse to occur so that NMDA receptor-mediated conductances were reduced (Morishita et al. 2005) for example by withdrawal of NMDA receptor subunits from the membrane (Montgomery et al. 2005) , then NMDA receptor-induced potentiation would be more likely to occur at strong synapses and less likely to occur at weak synapses.
In this investigation, we tested the hypotheses that LTP at CA3-CA3 synapses is associated with increases in membranebound NMDA receptors, the fraction of membrane-bound NMDA receptors is decreased during depotentiation produced by partial blockade of NMDA receptors during synchronous network activity, and reduced membrane-bound NMDA receptors stabilize the depotentiated state of the synapse so that the network remains locked in a state of low burst probability.
M E T H O D S

Hippocampal slice preparation
Adult male Sprague-Dawley rats (4-to 8-wk-old; Harlan, Wilmington, MA) were treated according to the guidelines of the Animal Care and Use Committee at the University of Colorado Health Sciences Center. Rats were anesthetized (sodium pentobarbital, 50 mg/kg), and brains were quickly removed and sliced in ice-cold, high-sucrose solution (composition in mM: 87 NaCl, 2.5 KCl, 26 NaHCO 3 , 0.5 CaCl 2 , 7 MgCl 2 , 1.25 NaH 2 PO 4 , 25 glucose, and 75 sucrose). Coronal or horizontal slices of the hippocampus (350 -400 m) were prepared with a vibrating microtome (Leica, Bannockburn, IL). For CA3 mini-slices, hippocampi were trimmed by removing neocortex, dentate gyrus, and CA1 regions prior to tissue storage ( Fig. 1A) . Slices were stored at 32-34°C in a modified artificial cerebrospinal solution (ACSF, in mM: 106.5 NaCl, 2.5 KCl, 26 NaHCO 3 , 1.25 CaCl 2 , 4.5 MgCl 2 , 1.25 NaH 2 PO 4 , 17.5 glucose, 37.5 sucrose), humidified with 95% O 2 -5% CO 2, and recovered for 1.5-2 h before initiating experiments.
Electrophysiological recordings
In both whole hippocampal and CA3 mini-slices, extracellular field potentials were recorded from the stratum pyramidale of the CA3 region using glass pipette electrodes filled with 150 mM NaCl. Whole cell experiments were guided by visualization using differential interference contrast. Voltage-clamp recordings were performed using a filling solution containing (in mM) 125 cesium methylsulfonate, 2 MgCl 2 , 8 NaCl, 0.5 cesium ethylene glycol-bis (␤-aminoethyl ether) N,N,NЈ,NЈ-tetraacetic acid (EGTA), 10 HEPES, 4 sodium adenosine 5Ј-triphosphate, 0.3 sodium guanosine 5Ј-triphosphate, and 1 QX314 (to block voltage-dependent sodium channels).
To induce CA3 bursting, slices were bathed in a modified ACSF (Stasheff et al. 1989 ) (changes in mM: 3.3 KCl, 1.3 CaCl 2 , and 0.9 MgCl 2 ) containing 100 M picrotoxin (Sigma, St. Louis, MO) and 1 M CGP-55845 (Tocris, Ellisville, MO) to block GABA A and GABA B -mediated synaptic activity and unmask CA3-CA3 recurrent collateral synapses. Depotentiation of recurrent CA3 synapses was induced by transient blockade of NMDA receptors through application of 2.5-10 M D-(Ϫ)-2-amino-5-phosphonopentanoic acid (D-APV; Tocris, Ellisville, MO) or 20 -80 M SDZ-220-581 (SDZ; Tocris, Ellisville, MO), both competitive NMDA antagonists (Urwyler et al. 1996) . D-APV and SDZ were applied in either decreasing or increasing concentrations. Specifically, 30 min after the initial dose, the concentration was decreased or increased and applied for 30 min. This process was continued until the final dose and/or wash (e.g., D-APV: 30 min at 10 M then 30 min at 5 M then 30 min at 2.5 M then 30-to 60-min wash). To block NMDA receptor-mediated LTP, 80 -100 M DL-2-amino-5-phosphonovaleric acid (DL-APV; Tocris, Ellisville, MO) was bath applied prior to application of picrotoxin and CGP-55845. Extracellular events were recorded with an Axoclamp-2B amplifier (Axon Instruments, Union City, CA), digitized at 2-10 kHz, and analyzed using routines written in VisualBasic 6.0 (Microsoft, Seattle, WA).
Surface expression assays
Surface expression assays were performed using a membraneimpermeable cross-linking reagent as previously described (Grosshans et al. 2002b; Hall and Soderling 1997a,b; Smith et al. 2006) , and CA3 mini-slices were prepared as explained in the preceding text. The membrane-impermeable cross-linker, BS 3 [BIS-(sulfosuccinimidyl) Suberate, Pierce, Rockford, IL), reacts with primary amine groups on proteins exposed to the extracellular space. This process covalently links the subunits of the NMDA receptors expressed at the cell surface, causing these receptors to run at a higher molecular weight than intracellular receptors when separated by gel electrophoresis. If the total amount of a given receptor subunit remains constant with a specific treatment, then a change in the intracellular pool of receptor is reflective of an opposite change in the membrane bound pool of receptor. To that end, the total amounts of each NMDAR subunit in the slices were measured from samples that were not treated with cross-linker. Because the total subunit composition did not change, the amount of membrane bound subunit was inferred from changes in the intracellular pool of receptors. Therefore in cross-linked samples the intracellular receptors still run at the molecular weight of the subunit after cross-linking treatment, whereas the membrane bound receptors run at much higher molecular weight. Direct measurement of the membrane pool of receptors is not feasible due to technical limitations in working with such high-molecular-weight proteins.
Spontaneous bursting was induced in two to four slices, and an equal number of slices were maintained as matched controls. In a separate series, a third group of bursting slices was treated with A B C FIG. 1. Stable extracellular recordings were obtained from the CA3 pyramidal cell layer of the hippocampus. A: CA3 mini-slices were made by cutting and removing the CA1, dentate gyrus, and neocortex. Sample traces of spontaneous bursts used to measure interburst intervals (distance between the start of 1 burst to the beginning of the next) and burst durations (length of the burst measured above 3 times baseline noise) for analysis. B: interburst interval (‚) and burst duration (ᮀ) were stable for 2 h in this CA3 mini-slice preparation. C: interburst intervals remained stable from the initial recording (ϳ15 min after application of picrotoxin and CGP) through the end of baseline recording (30 -120 min) in all experiments (P ϭ 0.48, paired t-test, n ϭ 22). REC, recording electrode. sequentially decreasing concentrations of D-APV to induce depotentiation at CA3-CA3 synapses. Immediately after Ͼ30-min wash of D-APV, all groups of slices (control, bursting, and D-APV) were immersed in ice-cold ACSF containing 1 mg/ml BS 3 for 45 min at 4°C. The slices were kept on ice during the cross-linking to prevent further receptor trafficking. Slices were washed three times in cold ACSF containing 20 mM Tris (pH 7.6) to deactivate and remove remaining cross-linker, and protein concentrations were measured.
Semi-quantitative Western blotting
Equal amounts of protein from each condition were loaded onto SDS-PAGE gels then transferred to PVDF membranes as previously described . A standard curve of hippocampal homogenate was included on each gel to allow comparison of samples across gels and ensure that the samples were within the linear range of detection for each antibody. Blots were probed with anti-NR1 (BD Pharmingen), anti-NR2A or anti-NR2B (Snell et al. 1996) . Antibodies were diluted 1:5,000, 1:1,000, and 1:3,000 in 1% BSA, respectively. To make certain that no BS 3 was entering the cells, blots were also probed for the intracellular protein anti-␣Actinin (Chemicon) diluted 1:1000 in 1% BSA. Immunoreactivity of each band was reported relative to the standard curve (for detailed description of Western blotting and analysis see Coultrap et al. 2005 ).
Data analysis
Interburst intervals were measured from the start of one burst to the beginning of the next burst. Burst durations were calculated as the time during which the absolute value of the burst amplitude remained greater than three times baseline noise ( Fig. 1) (Staley et al. 1998) . Although partial blockade of NMDA receptors with either SDZ or D-APV significantly decreased burst durations by 15-20% (data not shown), we observed a more significant change in interburst intervals in response to both single and multiple doses. Therefore we focused on interburst intervals in our analysis.
For CA3 mini-slices, changes in surface expression of NMDA receptors were assayed by semi-quantitative Western blot analysis of the intracellular population of receptor after treatment of samples with the membrane-impermeable cross-linking reagent (Grosshans et al. 2002a,b) . A five-point dilution series of rat hippocampal homogenate was included on each gel to ensure that all samples were within the linear range of detection. Images were obtained using SuperSignal chemiluminescent substrate and an Alpha Innotech imaging system.
Burst interval analysis
Modeling the effects of depotentiation of CA3-CA3 synapses on burst probability was based on binomial algorithms previously described and tested (Staley et al. 2001) . Briefly, the probability of burst initiation versus time elapsed since the last burst ended is analyzed in terms of the recovery from burst-induced short-term depression of the pool of CA3-CA3 synapses that are critical for burst initiation. The total number of synapses capable of participating in the next burst ignition is denoted by N, and the number of synapses that must have recovered from the depression to initiate the next burst is denoted by K. Each synapse was assumed to recover from burst-induced shortterm depression monoexponentially with a time constant that was stable across all N synapses (Eq. 1)
where is the time constant describing the recovery rate and t is the time since the onset of depression (end of burst). When fully recovered, all synapses were assumed to have a steady-state glutamate release probability, p, which was set to 1 in this analysis. The probability of recovery of K of N synapses was estimated from the survival function that is equal to one minus the cumulative binomial distribution. Eq. 1 was used to represent the time dependence of the single-trial probability p 1
N and K were used to fit the cumulative probability of burst initiation versus time in control conditions and after induction of depotentiation, at which time the preparation was back in the control conditions under which the first fit was performed.
Statistical analysis
ANOVA (multiple-comparison test using Newman-Keuls) was performed to determine if significant differences existed among control, bursts, and bursts after depotentiation (i.e., transient application of D-APV or SDZ). We compared: interburst intervals, burst durations, and NR2A and NR1 protein subcellular distributions in control, bursting, and D-APV experiments. Student's t-tests were performed to determine significant differences in protein distributions between control and bursting slices and burst frequencies between the initial and end of baseline activity. Significance for all statistical analyses was accepted when P Ͻ 0.05.
R E S U L T S
Activity-dependent NMDA receptor trafficking at CA3-CA3 synapses
We tested the hypothesis that LTP is associated with increases in membrane-bound NMDA receptors by inducing spontaneous bursts of CA3 population activity. Previous studies have shown that CA3 population bursts induce LTP at CA3-CA3 recurrent collateral synapses (Bains et al. 1999; Behrens et al. 2005) . Burst probability is dependent on the strength of the recurrent collateral synapses (Bains et al. 1999; Staley et al. 2001 ), so we waited until the burst probability was stable (Ͼ30 min of stable bursting activity) and then assayed for changes in the subcellular distribution of NMDA receptors (see Grosshans et al. 2002a,b) . As previously observed at CA3-CA1 synapses (Grosshans et al. 2002a) , LTP induced by CA3 bursting was associated with a significant decrease in the intracellular fraction of NR2A and NR1 subunits of the NMDA receptor (by 18.9 Ϯ 5.8 and 22.6 Ϯ 7.8%, respectively; Fig. 2A , n ϭ 10). These results are consistent with net movement of NMDA receptor subunits to the surface membrane.
To test whether NMDA receptor subunits were withdrawn from the membrane during long-term decreases in synaptic strength, we weakened CA3-CA3 synapses by partially blocking NMDA receptors during bursting. This manipulation is considered to reduce calcium influx to the range in which long-term decreases in synaptic strength are observed (Bains et al. 1999; Cummings et al. 1996) . Bath application of D-APV (10 -5 -2.5 M; see METHODS for details regarding application) during CA3 bursts increased the intracellular fraction of NR2A by 14.8 Ϯ 6.4% and NR1 by 15.2 Ϯ 5.1% compared with control ( Fig. 2B, n ϭ 10) with no change in total amount of receptor subunits (Fig. 2C ). However, in the absence of bursting, the fraction of membrane-bound NMDA receptor subunits was not changed by partial NMDA receptor blockade using the same sequence of concentrations of D-APV as in the experiments during bursting (Fig. 2D, n ϭ 8) . This suggests that this internalization of NMDA receptors requires both partial blockade of NMDA receptors as well as bursting activity. These results are consistent with NMDA receptor subunit withdrawal from the cellular membrane associated with longterm decreases in synaptic strength.
Coincident with the increased intracellular fraction of NR2A and NR1 in slices exposed to decreasing concentrations of D-APV during CA3 population bursts, the burst frequency was also reduced (Fig. 3, A and C) . The decrease in burst frequency under these conditions was previously shown to be due to depotentiation of CA3-CA3 synapses (Bains et al. 1999) , consistent with the finding that burst frequencies are reduced by partial blockade of AMPA receptors (Chamberlin et al. 1990; Staley et al. 2001) , and reduced sEPSC amplitudes (Fig.  3D) . Presynaptic effects such as reductions in glutamate release probability by adenosine A1 receptor activation can also reduce burst frequency (Dulla et al. 2005; Dunwiddie 1980 ). However, the rate of increase in burst probability versus time elapsed since the prior burst is due to recovery of synapses from activity-dependent depression incurred during the prior burst. Under these conditions, pharmacological reductions in glutamate release probability produce substantially different rates of increase in burst probability versus time compared with postsynaptic reductions in synaptic strength (Staley et al. 2001 ). The pattern of increase in burst probability in these experiments strongly supports a postsynaptic effect (Fig. 3, A and B) consistent with NMDA receptor-dependent postsynaptic reduction in synaptic strength (Cummings et al. 1996) .
Stabilizing the strength of CA3-CA3 synapses
Withdrawal of NMDA receptor subunits from the surface membrane during depotentiation removes receptors that are available for calcium entry. In turn, this should make it more difficult to induce further synaptic plasticity due to decreased calcium influx (Cummings et al. 1996; Lisman 2001) . We have previously shown that once depotentiation is induced at CA3-CA3 synapses, it is not possible to repotentiate these synapses to the point that burst probability returns to the initial state (Bains et al. 1999) . The NMDA receptor membrane-trafficking data raise the possibility that this synaptic stabilization is due to reduced NMDA receptor-mediated calcium influx as a consequence of a reduced number of NMDA receptors in the cell membrane. In turn, this raises the possibility that depotentiation under these conditions is also limited by NMDA receptor withdrawal, because calcium influx falls below the threshold for depotentiation (Lisman 2001) Western blots of N-methyl-D-aspartate (NMDA) receptor subunits in CA3 mini-slices depicting net movement after long-term potentiation (LTP) and depotentiation. A: induction of LTP by bursting led to a significant decrease in the intracellular pools of NR2A and NR1 subunits to control slices as previously shown to correlate with an increase in surface expression (P Ͻ 0.05, Student's t-test, n ϭ 10). B: after inducing depotentiation [sequentially decreasing the application of D-(Ϫ)-2-amino-5-phosphonopentanoic acid (D-APV) and wash], the intracellular pools of NR2A and NR1 were increased significantly as compared with bursting alone (P Ͻ 0.05, repeated-measures ANOVA, n ϭ 10). C: total protein for NR2A, NR2B, and NR1 did not change over time after depotentiation (P Ͼ 0.5 for each comparison, repeated-measures ANOVA, n ϭ 3). D: in the absence of spontaneous bursting, however, sequentially decreasing the concentrations of D-APV to CA3 mini-slices does not change the total amount of NR2A or NR1 subunits in the intracellular pool compared with control (P ϭ 0.82, Student's t-test, n ϭ 8). *, significant from control; **, significant from each other.
place. Sequential reductions in the concentration of competitive NMDA antagonists (either SDZ-220-581 or D-APV) resulted in sequential reductions in burst probability, consistent with additional depotentiation of CA3-CA3 synapses (Fig. 4) . This additive depotentiation could not be replicated by prolonged exposure to antagonist at a constant concentration ( Fig. 4, A vs. B) .
Order of antagonist application is crucial for maximal depotentiation
Variations in postsynaptic calcium transients at different CA3-CA3 synapses could arise from heterogeneity of synaptic glutamate concentrations, postsynaptic NMDA receptor densities, NMDA receptor conductances, or the link between calcium influx and depotentiation (Grishin et al. 2004 ). If so, then it might be necessary to use a variety of concentrations of competitive NMDA receptor antagonist to achieve the calcium influx that induced LTD at all recurrent synapses in the CA3 network. However, the degree of depotentiation would not be sensitive to the order of application of the different antagonist concentrations. When the order of application of different concentrations of NMDA receptor antagonists was reversed using identical exposure times (i.e., low concentrations followed by higher concentrations; Fig. 4, C and D) , the induction of LTD was significantly reduced compared with the application of high concentrations followed by lower concentrations. These results support the hypothesis that NMDA receptors are removed from the membrane during long-term synaptic weakening and that the withdrawn receptors are part of the pool of NMDA receptors that contribute to synaptic plasticity.
Depotentiation versus LTD of synaptic strength
If stabilization of synaptic strength in area CA3 occurs in vivo, then not all CA3-CA3 synapses in an acute slice preparation should be equally plastic (Debanne et al. 1999; Montgomery and Madison 2002; Montgomery et al. 2005) . To test whether the synapses that were weakened by partial blockade of NMDA receptors were those that had recently been potentiated during burst induction versus those that were not, we induced bursting by GABA A and GABA B receptor blockade after preventing potentiation by completely blocking NMDA receptors with 80 -100 M DL-APV. Exposure to concentrations of antagonist that completely block the NMDA receptor had no long-term effects on burst probability (Fig. 5, A and B ; n ϭ 7). Subsequent reductions in NMDA receptor antagonist concentrations had no significant effect on burst probability (Fig. 5, C and D; n ϭ 10) . This indicates that partial NMDA receptor blockade during bursting depotentiates synapses that had recently been potentiated during bursting and does not induce LTD of synapses that were not recently potentiated. Delaying the application of NMDA antagonists for as long as 2 h after burst induction did not change the reduction in burst probability observed during sequential application of NMDA receptor antagonist (data not shown; n ϭ 4). This suggests that the process of conversion of synapses from "recently potentiated" to "stable" is longer than can be observed in the time during which acutely prepared slices are stable.
If synapses remain in a highly plastic state for hours after potentiation, and synapses that have not been potentiated are not amenable to NMDA receptor-mediated LTD, then during synchronous network activity all synapses should eventually become trapped in a fully potentiated state. However, even a single application of NMDA antagonist, which did not maxi- (Staley et al. 2001) in which N ϭ 38 and K ϭ 19. After return to control conditions after a 1-h exposure to sequentially decreasing concentrations of NMDA receptor antagonists during bursting (see METHODS), the burst interval is increased, the cumulative probability curve is flatter, and the data are best fit by Eq. 2 using N ϭ 20 and K ϭ 17. B: group-averaged ratios of K to N before (control) vs. after (wash) exposure to NMDA antagonists during bursting. After antagonist exposure, the reduction in N, the number of synapses that are capable of participating in burst initiation, exceeds the reduction in K, the minimum number of synapses that must be available to initiate a burst, significantly increasing the ratio of K to N (P Ͻ 0.001, 2-tailed t-test, n ϭ 12 slices). The increase in burst interval and relative decrease in the fit parameter N is most consistent with a postsynaptic reduction in strength of CA3-CA3 synapses, and is also seen in the presence of AMPA antagonists (Staley et al. 2001) . C and D: whole cell recording before and after D-APV application during bursting demonstrates a reduction in both CA3 burst frequency (C) and sEPSC amplitude (D) consistent with activity and NMDA receptor-dependent reduction in synaptic strength. mally reduce burst probability, significantly stabilized the burst frequency ( Fig. 6; n ϭ 9 ). This suggests that under these conditions, submaximal depotentiation induces sufficient NMDA receptor withdrawal to prevent further strength-ening of the synapse. The data presented in Fig. 2B indicate that this occurs at least in part via withdrawal of NMDA receptors from the membrane.
D I S C U S S I O N
We demonstrate that NMDA receptor membrane trafficking accompanies both LTP and depotentiation at CA3-CA3 synapses and that these changes are associated with stabilization of synaptic strength and thereby the state of the neural network.
Stabilization of the CA3 network in low-probability burst states is unexpected because each burst provides sufficient activation of CA3-CA3 recurrent synapses to induce LTP. This LTP should progressively strengthen synapses so that the only stable state of the synapses is maximum potentiation, and as a consequence, the only stable state of the network is maximal burst probability. However, the recent discoveries that NMDA receptor location changes after LTP (Grosshans et al. 2002a ) and LTD (Montgomery et al. 2005; Morishita et al. 2005 ) raise the possibility of stabilization of intermediate synaptic strengths despite ongoing activity at intensity levels that could induce LTP in naïve synapses. Lisman (2001) proposed that synaptic plasticity is modulated by the amount of calcium influx into dendritic spines: a large influx produces LTP, whereas a smaller influx produces depotentiation and still smaller influxes have no long-term effects on synaptic strength (Fig. 7A) . This idea has been confirmed by direct visualization of calcium transients during induction of synaptic plasticity (Ismailov et al. 2004 ). Thus Interburst intervals progressively increase when the concentration of antagonist is sequentially decreased (P ϭ 0.03, ANOVA Newman-Keuls, n ϭ 5). Burst interval, however, is unchanged when identical antagonist concentrations are applied in a sequentially increasing order (P ϭ 0.63, ANOVA Newman-Keuls, n ϭ 5). D: summary of D-APV data demonstrating the same effect as observed with SDZ (decreasing D-APV concentrations: P ϭ 0.008, ANOVA Newman-Keuls, n ϭ 17; increasing D-APV concentrations: P ϭ 0.09, ANOVA Newman-Keuls, n ϭ 5). ‚ ϭ 2.5 M, ᮀ ϭ 5 M, E ϭ 10 M; *, significant from baseline only in the decreasing concentrations groups. E: sample experiment showing increased interburst intervals with application and wash of 10 M D-APV. F: in the grouped data, the increase in mean interburst interval is significant from baseline (P ϭ 0.01, ANOVA Newman-Keuls, n ϭ 7). IBI, interburst interval. partial blockade of calcium-permeable NMDA receptor-mediated conductances during stimuli that normally induce LTP will instead induce LTD or no change in synaptic strength, depending on the degree of reduction of NMDA receptormediated conductances (Bains et al. 1999; Cummings et al. 1996; Yang et al. 1999 ). This process is illustrated in Fig. 7 .
These data support the idea that NMDA receptor trafficking contributes to metaplasticity or the stabilization of altered synaptic strengths (Bear and Abraham 1996; Malenka and Bear 2004; Perez-Otano and Ehlers 2005; Roche et al. 2001) . When the density of synaptic NMDA receptors is reduced, it may be possible to "freeze" a synapse into a state where either no LTP is likely (at intermediate levels of reduction of synaptic NMDA receptor density) or to a state where neither LTP nor LTD could be induced (with more extensive synaptic NMDA receptor reduction; Fig. 7 ). Our data suggest that these two states can be achieved sequentially. The stability of burst probability after transient, partial NMDA receptor block is consistent with a state in which LTP cannot be induced by stimuli (i.e., spontaneous bursting) that normally induce LTP (Fig. 4) . The burst probability minima demonstrated in Fig. 4 , C and D, during sequential reductions in NMDA receptor antagonists are consistent with a state in which no further activity and NMDA receptor-dependent long-term weakening is possible.
Although it would be of interest to demonstrate that the duration of bursting and/or sequence of exposure to different D-APV concentrations are associated with different levels of membrane-bound receptor expression, these experiments are currently not feasible because the maximum NMDA receptor protein changes we demonstrated were already at the lower limits of resolution by Western blotting. Although we see only a small change (15%) in the subcellular distribution of NMDA receptor subunits, the changes are significant (Fig. 2) . Similar significant small changes (10 -20%) have been shown previously using the same method (i.e., cross-linking and subcellular fractionation combined with semi-quantitative Western blot detection) (Goebel et al. 2005; Grosshans et al. 2002a) .
Synapses that are not subject to NMDA receptor-dependent plasticity have been demonstrated in CA3 (Debanne et al. 1999; Montgomery and Madison 2002) although NMDA receptor-mediated conductances have been demonstrated at these synapses (Debanne et al. 1999) . Our data do not exclude the possibility that synaptic NMDA receptors are still present after maximal depotentiation; rather the data predict that the calcium transients produced by the remaining NMDA receptors are not sufficient to induce synaptic plasticity.
Published concentration-response curves for D-APV suggest that 10 M D-APV blocks Ͼ90% of the NMDA receptor-
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FIG. 6. Fully potentiated synapses can be depotentiated with a partial block of NMDA receptors. A: sample experiment showing that after 2 h of spontaneous CA3 bursting, a single application of 10 M D-APV increases interburst interval. After complete wash of D-APV, interburst intervals do not return to baseline frequency. B: interburst intervals significantly increased compared with baseline (P ϭ 0.003, repeated-measures ANOVA Newman-Keuls, n ϭ 9).
FIG. 7. Illustration of the interaction between NMDA receptor cycling and the sliding calcium scale of synaptic plasticity. A: sliding scale of calcium flux into active synapses where large calcium fluxes produce LTP (green). As calcium influx is reduced, longterm depression (LTD) or depotentiation is induced (red). B: partially blocking NMDA receptors with a competitive antagonist reduces the influx of calcium into the dendritic spine and induces depotentiation (B1), near point a on the graph. In parallel with this 1st depotentiation, a portion of membrane-bound NMDA receptor subunits is endocytosed, decreasing the total NMDA receptor-mediated calcium influx to the spine (B2). If the same amount of D-APV (10 M) is continually applied to this decreased number of available NMDA receptors (B2), the influx of calcium is reduced below the value at which depotentiation occurs, illustrated as a movement to point b on the graph. To elicit further depotentiation, the concentration of NMDA receptor antagonist must be decreased (B3), which increases the flux of calcium, illustrated as movement back toward point a on the graph. This increase in calcium influx further induces both depotentiation and internalization of membrane-bound NMDA receptors (B3). Yellow squares, Ca 2ϩ ; red circles, D-APV. mediated conductance (Wang et al. 2002; Williamson and Wheal 1992) , although the precise reduction at each synapse will vary as a function of the concentration of glutamate in the synaptic cleft. Such heterogeneity does not explain the increase in depotentiation seen with sequential application of different concentrations of antagonist because a decreasing sequence of concentrations was necessary for increased depotentiation (Fig.  4) . This is most consistent with an altered threshold for depotentiation induced by NMDA receptor trafficking as illustrated in Fig. 7 .
When LTP was prevented by complete NMDA receptor blockade (i.e., 80 -100 M DL-APV) during burst induction, subsequent partial NMDA receptor blockade had no effect (Fig. 5 ). This suggests that long-term weakening of recurrent collateral CA3 synapses induced by partial blockade of NMDA receptors during population bursts is due to depotentiation of recently potentiated synapses mediated by NMDA receptors rather than LTD of synapses that were not mediated by NMDA receptor potentiation during the initial bursting. This raises the possibility that partial NMDA receptor antagonism induces activity-dependent, long-term synaptic weakening only at synapses with large numbers of NMDA receptors, such as those synapses that have experienced a recent LTP-associated increase in subsynaptic NMDA receptors (Grosshans et al. 2002a ) ( Fig. 2A) . Alternatively, recently potentiated synapses may be in a unique state with respect to this form of synaptic plasticity (Montgomery and Madison 2004) .
In the present study, bursts could not be completely stopped by successive applications of lower concentrations of NMDA antagonists. This is consistent with withdrawal of NMDA receptors from recently depotentiated synapses such that no further NMDA receptor-dependent plasticity could be elicited.
In prior experiments using submerged slices, bursts could sometimes be stopped completely (Bains et al. 1999) , but this likely reflects the slightly diminished excitability of submerged slice preparations and differences in burst induction protocols. Bains et al. tetanized the pyramidal cell layer to potentiate recurrent collateral synapses while we blocked GABA A and GABA B receptors.
There are limitations to this study. We did not resolve the subcellular location of membranous NMDA receptors, so we cannot exclude the possibility that the receptors that are added or removed from the membrane during LTP and depotentiation are extrasynaptic (Fig. 2, A and B) . However, the inability to increase burst probability after washout of NMDA receptor antagonists is most consistent with a change in the synaptic concentration of the NMDA receptors.
Here we show that an increase in CA3 burst frequency is associated with an increase in surface expression of NMDA receptor ( Fig. 2A) , and this may provide a mechanism for the stabilization of potentiated synapses. Likewise synaptic depotentiation and corresponding decrease in burst frequency are coupled with an increase in the intracellular pool of NMDA receptors (Fig. 2B) . This is consistent with withdrawal of NMDA receptors from the postsynaptic membrane as a mechanism for the stabilization of synapses in a depotentiated state with consequent stabilization of the CA3 neuronal network's burst probability. This could represent a mechanism for persistence of memory. 
